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Abstract 

Background: DNA comparison is becoming the leading approach to the analysis of microbial diversity. For 
eukaryotes, the internal transcribed spacer 2 (ITS2) has emerged as a conspicuous molecule that is useful for 
distinguishing between species. Because of the small number of usable ITS data in GenBank, ITS2 sequence 
comparisons have only been used for limited taxa. However, major institutions with planktonic algal culture 
collections have now released small subunit (SSU) to ITS rDNA sequence data for their collections. This 
development has uplifted the level of molecular systematics for these algae. 

Results: Forty-three strains of green algae isolated from German inland waters were investigated by using SSU-ITS 
rDNA sequencing. The strains were isolated through the direct plating method. Many of the strains went extinct 
during the years of culture. Thus, it could be expected that the surviving strains would be common, vigorous 
species. Nevertheless, 12 strains did not match any known species for which rDNA sequences had been determined. 
Furthermore, the identity of one strain was uncertain even at the genus level. 

Conclusions: The aforementioned results show that long-forgotten and neglected collections may be of great 
significance in understanding microbial diversity, and that much work still needs to be done before the diversity 
of freshwater green algae can be fully described. 
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Background 

With the current rates of biodiversity loss, biodiversity 
conservation is receiving much attention. In many parts 
of the world, various animals and plants are being inten- 
sively studied, and conservation efforts for many species 
are well underway. Knowledge of microbial diversity, 
however, remains rudimentary. The current number of 
known microorganism species is a fraction of the diverse 
population of microorganisms [1,2]. Much research, 
particularly the identification and description of species, 
is still required before microorganism diversity can be 
accurately quantified. 

The development of the microscope made it possible to 
observe organisms smaller than dust; and with modern 
technological advances, the field of microbiology, especially 
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microorganism systematics, has blossomed. DNA research 
methods have now facilitated the development of an 
entirely new level of systematics, thereby redefining the 
species concept. In particular, studies on various types of 
microorganisms have led to the development of their sys- 
tematics. New techniques have revealed that many separate 
species were originally mistakenly grouped together as 
single morphospecies. A well-known example of this is 
Chlorella, which are common algae in natural water 
bodies. They are composed of simple, green, spherical cells 
containing a minimal set of organelles: one nucleus, one 
chloroplast, and one mitochondrion. These algae were 
originally considered one species, but small subunit (SSU) 
rDNA phylogenies have since shown that the group is in 
fact polyphyletic, consisting of morphospecies in more 
than one class [3,4]. Based on the initial phylogenetic 
studies, Huss et al. [4] divided "true" Chlorella to four 
monophyletic species, including the type species Chlorella 
vulgaris. However, later studies identified some species that 



© 2014 Hoshina; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.Org/licenses/by/4.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain 
Dedication waiver (http://creativecommons.Org/publicdomain/zero/1.0/) applies to the data made available in this article, 
unless otherwise stated. 



Hoshina BMC Research Notes 2014, 7:592 
http://www.biomedcentral.eom/1756-0500/7/592 



Page 2 of 15 



are morphologically different and draw their phylogenetic 
origins from the "true" Chlorella group e.g. [5-9]. 

The internal transcribed spacer 2 (ITS2) has emerged 
as a useful and conspicuous molecule for distinguishing 
between species. The ITS2 is located between 5.8S 
rRNA and LSU rRNA, which plays an important role in 
processing events during rRNA maturation e.g. [10,11], 
and the secondary structures of ITS2 are highly con- 
served throughout the eukaryota [12]. The primary se- 
quence of ITS2 region is highly conserved within 
species, but is highly divergent between species e.g. 
[13]. In general, the diversity of ITS2 sequence compar- 
isons are either less than 2% or more than 10% (gaps 
are counted as a fifth character). This characteristic 
strongly encourages a species concept based on ITS2 
sequence differences. Compensatory base changes (CBCs) 
in the ITS2 secondary structure also encourage species 
separation e.g. [14,15]. The presence of at least one CBC 
has been correlated with the separation of two species, 
which is classified here by using the biological species 
concept based on the production of fertile offspring [14]. 
This hypothesis has been supported by data on various 
eukaryotic groups, including plants, fungi, and animals 
([15] and references therein). Species concepts based on 
ITS2 differences in chlorophytes have gained wide accept- 
ance. They also serve as a key to identifying and describ- 
ing true microorganism diversity. This development also 
reveals the possible pitfalls of classification based on mor- 
phological characteristics. 

In recent years, molecular phylogeny has been in- 
creasingly applied to the floristic study of planktonic 
green algae e.g. [16-19]. However, these studies ana- 
lyzed SSU rDNA only and avoided species-level desig- 
nation. This may have been largely because of the small 
amount of usable ITS data available in GenBank. How- 
ever, major institutions holding algal culture collec- 
tions, the Culture Collection of Algae and Protozoa 
(CCAP, UK), and the National Institute for Environ- 
mental Studies (NIES, Japan), have now released SSU to 
ITS rDNA sequence data for their collections. This has 
led to unprecedented developments in molecular system- 
atics. Making use of these data, I have investigated the 
laboratory's historical stocks of green algae, many of which 
have been neglected and forgotten about, which were iso- 
lated from German inland waters. Based on my findings, I 
discuss the potential of such archival lab stocks in supple- 
menting our knowledge of biodiversity. 

Methods 

Cultures 

Strains of green algae were established through simple 
methods. Water samples of several hundred microliters 
each were spread onto 1% agar plates containing 20% 
Gamborgs B5 basal medium with mineral organics 



(Sigma- Aldrich, MO), to which was added 1/10 volume 
of lettuce juice medium [20] at pH 7.5. (The resulting 
medium is hereafter referred to as 1/5 GL medium.) The 
plates were incubated for two or three weeks under 
illumination by a light- emitting diode (LED) lamp (12 h/ 
12 h light/dark cycle) at 15°C. Small single colonies (ca. 
300 um) that emerged were dissolved in water, and then 
spread onto a new plate under the same conditions. 
Single colonies that emerged from these cultures were 
transferred to liquid 1/5 GL medium (Table 1). 

The established colonies were cultured on two differ- 
ent media: first 1/5 GL, C medium [21], and then 0.1% 
Hyponex (Hyponex, Osaka). They were maintained 
under LED illumination (12 h/12 h light/dark cycle) at 
10°C. The strains are available from the author upon 
request. 

The culture stocks were observed under an Olympus 
BX60 light microscope (Olympus, Tokyo), and images were 
obtained with an Olympus DP72 digital camera. 

DNA extraction, amplification, and sequencing 

DNA extractions using the DNeasy Plant Mini Kit 
(Qiagen, Diisseldorf, Germany) were performed. Polymer- 
ase chain reaction (PCR) was carried out to amplify SSU 
to ITS rDNA by using the primer pairs SR-l/SR-9 [22], 
SR-6 [22]/SR-12 k [23], INT-4 F [24]/ITS4 [25] and INT- 
4 F/HLR-3R [23]. PCR products were purified with 
NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, 
Duren, Germany), and were directly sequenced by using 
the Operon DNA sequencing service (Operon Biotech- 
nology, Tokyo). Some strains were amplified and se- 
quenced only their ITS rDNA locus. 

Phylogenetic analyses 

The SSU rDNA sequences were first checked for group 
I introns insertions (methods for group I intron ascer- 
tainment [26]). The joined exons were then submitted 
to the Basic Local Alignment Search Tool for Nucleo- 
tides (BLASTN, National Center for Biotechnology Infor- 
mation) for comparisons between sequences. Phylogenetic 
analyses of Chlorophyceae and Trebouxiophyceae were 
conducted separately. Taxon samplings for tree analyses 
were mainly based on recent papers [27-29]. The closest 
organisms for each strain that had been identified through 
BLASTN search were subsequently added. The SSU 
rDNA sequences were initially aligned automatically 
by using Clustal X2 software [30] and then aligned 
manually, taking into account secondary structure models 
for C. vulgaris [3] and Heterochlorella luteoviridis [31]. 
The 5 ' and 3 ' terminal regions were removed. 

Two phylogenetic trees were constructed through the 
maximum likelihood (ML) method in PAUP 4.0bl0 
(Sinauer Associates, MA) or MEGA5 [32], and the 
neighbor- joining (NJ) method in the Saitou and Nei 
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Table 1 Strains sequenced in the study and their taxonomic designation 

Strain rDNA sequence Taxonomic designation 





Acc. no. 


Coverage 


SSU intron* 




GB1a 


AB9 17097 


SSU-ITS2 




Desmodesmus sp. 


GB1c 


AB9 17098 


SSU-ITS2 




Ankistrodesmus' gracilis 


GB1d 


AB9 17099 


SSU-ITS2 




Pectinodesmus sp. 


GB1e 


AB917100 


SSU-ITS2 




Acutodesmus obliquus 


GB1g 


AB91 7101 


SSU-ITS2 




Acutodesmus obliquus 


GB1h 


AB917102 


SSU-ITS2 




Pectinodesmus sp. 


GB1 j 


AB917103 


SSU-5'LSU 


516 


Pectinodesmus sp. 


GB1 k 


AB917104, -105 


SSU-5'LSU 




Micractinium sp. 


GS2i 


AB917106 


SSU-ITS2 


516, 943, 1512 


Desmodesmus brosi lien sis 


GS2j 


AB91 7107 


SSU-ITS2 


516 


Desmodesmus opoliensis 


GS2k 


AB917108 


3 / SSU-ITS2 




Desmodesmus opoliensis 


GS2L 


AB917109 


SSU-ITS2 


516, 943, 1512 


Desmodesmus brosiliensis 


GS2m 


AB9171 10 


SSU-ITS2 


516 


Desmodesmus opoliensis 


GS2n 


AB9171 1 1 


SSU-ITS2 


516, 943, 1512 


Desmodesmus brosiliensis 


GS2o 


AB9171 12 


SSU-ITS2 




Desmodesmus armatus 


GS2p 


AB9171 13 


SSU-ITS2 




Desmodesmus armatus 


GS3a 


AB91 71 14 


SSU-ITS2 




Acutodesmus obliquus 


GS3b 


AB9171 15 


T/rri i /-/i c 1 1 

3 SSU-5 LSU 




Acutodesmus obliquus 


GS3c 


AB9171 16 


SSU-ITS2 


943 


Tetranephris brasiliensis 


GS3d 


AB9171 17 


S'SSU-S'LSU 




Acutodesmus obliquus 


GS3e 


AB9171 18 


SSU-ITS2 




Acutodesmus obliquus 


GS3f 


AB9171 19 


SSU-ITS2 


943 


Tetranephris brasiliensis 


GS3g 


AB917120 


S'SSU-S'LSU 




Acutodesmus obliquus 


GS3h 


AB917121 


3'SSU-5'LSU 




Acutodesmus obliquus 


GS3i 


AB917122 


SSU-ITS2 




Acutodesmus obliquus 


GS3j 


AB917123 


3 / SSU-ITS2 




Tetranephris brasiliensis 


GS3k 


AB917124 


3'SSU-5'LSU 




Acutodesmus obliquus 


GS3m 


AB917125 


SSU-ITS2 




Acutodesmus obliquus 


GS3n 


AB917126 


SSU-ITS2 




Acutodesmus obliquus 


GS3p 


AB917127 


SSU-ITS2 




Acutodesmus obliquus 


GM4a 


AB917128 


SSU-5'LSU 




Desmodesmus sp. 


GM4b 


AB917129 


SSU-5'LSU 


156, 943, 1046, 1 139, 1512 


Selenastraceae sp. 


GM4c 


AB917130 


SSU-ITS2 


516, 1512 


Desmodesmus sp. 


GM4d 


AB917131 


SSU-5'LSU 


5 1 6, 943, 1 046 


Nephrochlamys subsolitaria 


GM4e 


ADni -71 on 
Aby \ / \dZ 


CCI 1 CI CI 1 


4U, I DO, 0 I O, I U4o, I I oy, \j\Z 


Neochloris sp. 


GM4f 


AB917133 


SSU-ITS2 




Desmodesmus armatus 


GM4g 


AB917134 


SSU-ITS2 


516, 943, 1512 


Desmodesmus bicellularis 


GM4h 


AB917135 


SSU-ITS2 


516, 943 


Desmodesmus armatus 


GM4i 


AB917136 


SSU-5'LSU 


516 


Desmodesmus sp. 


GM4j 


AB917137 


SSU-5'LSU 


516, 1512 


Desmodesmus sp. 


GM4k 


AB917138 


SSU-5'LSU 




Desmodesmus armatus 


GM4n 


AB917139 


SSU-5'LSU 




Desmodesmus pannonicus 


GA5a 


AB917140 


SSU-5'LSU 




Coccomyxa sp. 


insertion position corresponding to Escherichia coli rRNA gene. 



Strain names indicate the water source in Germany from which the strain originated. GB1: a pond in the Botanischer Garten, Berlin, July 28, 201 1; GS2: an artificial 
pond in the Mittlerer Schlossgarten, Stuttgart, July 31; GS3: a fountain in the Oberer Schlossgarten, Stuttgart, July 31; GM4: an artificial pond in Denninger Anger 
Park, Munich, Aug. 1; GA5: Alpsee Lake in the Ostallgau district of Bavaria, Aug. 2. 
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model in Clustal X2. The best-fit evolutionary models 
were identified by using Modeltest 3.7 [33] or MEGA5. 
By utilizing the results to derive the settings, a heuristic 
search using the NJ tree as the starting tree and a 
nearest-neighbor interchange swapping algorithm was 
performed. Bootstrap probabilities were computed for 
100 (ML) and 1000 (NJ) replicates. 

For advanced analyses at the genus or species level, 
phylogenetic analyses using both NJ and ML methods 



were conducted by examining ITS2 or SSU-ITS rDNA 
in conjunction with the results of recent studies of 
several different groups of species (Scenedesmus -related 
species: [34], Desmodesmus: [35], Chlorellaceae: [36]). 
ITS2 sequences were folded by using Mfold [37], and 
the secondary structures were used to aid manual align- 
ment of those sequences and to check the presence/ 
absence of CBC. For each tree, identical sequences were 
treated as one operational taxonomic unit. 



Lobochlamys segnis_A)4 1 0459 

Oogamochlamys gigantea_A)4 1 0465 
Chloromonas reticulata_A\4 1 0448 

Heterochla mydomonas in a equa lis_ A F 3 6 7 8 5 7 

Chlamydomonas re/nharc/f//_FR865 5 76 

Dunaliella sa//naJDQ447648 

Haematococcus lacustris_DQ009774 

Chaetopeltis orbicularis_\J83 1 25 

Hormotilopsis tetravacuolaris_\J83 1 24 
Bulbochaete hiloensis _U83 1 32 
Oedogonium cardiacumJEW] 23943 



Ankistrodesmus stipitatus_X5b'\ 00 
Podohedriella fa/cafa_X91263 

'Monoraphidium' dybowskiiy\ 6939 




Selenastraceae 



Scenedesmaceae 



o.oi substitutions/site 



| Hydrodictyotaceae 



Subfamilies 
Coelastroidea 
Scenedesmoidea 



GM4n 
GM4g 

Desmodesmus pannon/cus FR86571 2 

Desmodesmus intermedius _FR86570 1 
GM4i 

GB1a, GM4a 
GS2j 
GS2m 
GS2o,p, GM4f,k 
GM4c,j 

GM4h 

Desmodesmus communis JQ9 224 1 2 



Figure 1 Unrooted phylogenetic tree for Chlorophyceae based on SSU rDNA gene sequences (length 1605 nt). Algal strains analyzed in 
this study were indicated by alphanumeric codes in bold. This tree was constructed by using the maximum likelihood (ML) method 
under the GTR + I + G evolutionary model. Numbers at each node represent bootstrap probabilities from ML/NJ analyses; only values 
above 50% are shown. 
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Results and Discussion 

BLASTN analyses indicated that all strains analyzed in 
this study belonged to either Chlorophyceae or Trebou- 
xiophyceae. These two classes were therefore treated 
separately. 

Chlorophyceans 

The SSU rDNA tree for members of Chlorophyceae sep- 
arated them into three broad groups: Selenastraceae, the 
A/eoc/z/ons-Hydrodictyotaceae clade, and Scenedesmaceae 
(Figure 1). 

Five strains (GBlc, GS3c and -f, and GM4b and -d) were 
included in the Selenastraceae clade (Figure 1). Phylogen- 
etic relationships for this group were constructed based 
on SSU rDNA analysis [28,38,39], which indicated that 
some genera were polyphyletic. However, many strains 
remained inadequately treated. Lacking data for more rap- 
idly evolving molecules for this group, such as ITS, neces- 
sitated the use of the SSU rDNA phylogeny to determine 
the relationships between the cultured strains and previ- 
ously analyzed members of this group. 

GS3c and -f were grouped with Tetranephris brasiliensis, 
the type species for Tetranephris. There are three Tetrane- 
phris SSU rDNA sequences in GenBank (HM483517, 
HM565927, and HM565929), all of which are from T brasi- 
liensis. GS3c and -f are closest to the sequence HM565927, 
and have only one transition in 1601 aligned sites (data 
not shown). Light microscopy revealed solitary, crescent- 
shaped cells containing some granules (Figure 2A and B), 
which agrees with the morphological characteristic of 
T. brasiliensis and thus confirms that GS3c and -f are 



T. brasiliensis strains. Furthermore, the strain GS3j, which 
was analyzed by ITS sequencing only, had an ITS se- 
quence and morphology identical to that of GS3c and -f 
(Table 1). 

GM4b was grouped with Monoraphidium dybowskii in 
the ML tree (Figure 1), but this was not supported by 
the NJ analyses. Of note, however, was that the type spe- 
cies of Monoraphidium, Monoraphidium griffithii, was 
placed in a different group in this family. GM4b cells 
ranged from horseshoe- to donut-shaped (M. dybowskii 
cells are rhomboidal to labiate), with the diameters of 




Figure 3 ITS2 secondary structure that features a Y-shaped 
helix I (shown in blue). 
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Figure 4 Light microscopy image of cells from strain GM4e 
of a private collection. This strain was collected from German 
inland waters and was named according to its source (Table 1). 



the thickest parts between 2.5 and 4.0 um (Figure 2C). 
Therefore, GM4b could not be identified even to genus 
level at this stage. 

GBlc was clustered with Ankistrodesmus gracilis (Figure 1). 
Notably, the type species of Ankistrodesmus, Ankistrodesmus 
fusiformis, was placed in a different group in this family. 



GBlc cells were mainly crescent-shaped, 16-32 um long, 
and 4-9 um wide (Figure 2D). These morphocharacters 
are slightly different from that typical of A. gracilis (colony 
formation of 8-32 narrower crescent cells). As only one 
transition out of 1682 aligned sites between GBlc and 
A. gracilis was observed, GBlc was tentatively designated 
as a strain of A. gracilis, 

GM4d was clustered with Nephrochlamys subsolitaria 
and Monoraphidium minutum (Figure 1). The GM4d se- 
quence differed from that of N. subsolitaria by only two 
indels, and from that of M. minutum by five indels and 
four or five substitutions. The shape of GM4d cells 
resembled beans or curved cylinders (Figure 2E), similar 
to those of N. subsolitaria and M. minutum. Despite the 
pending taxonomic status of M. minutum, GM4d could 
be tentatively designated as a strain of N. subsolitaria. 

GM4e was grouped with the Neochloris species, and 
the Pediastrum-Hydrodictyon clade (Hydrodictyotaceae) 
was identified as a sister group to this clade (Figure 1). 
A close relationship between Neochloris and the Hydro- 
dictyotaceae has been reported many times e.g. [40], and 
they have been classified as Sphaeropleales. This group 
includes Scenedesmaceae [41]. Neochloris aquatica, the 
type species of this genus, has been described based on 
UTEX 138 (the culture held at The Culture Collection 
of Algae, University of Texas) and on CCAP 254/5. 
However, their SSU rDNA sequences differ considerably 
from each other. When the ITS2 sequence of GM4e was 



)o/ioo 



• Coelastrum astroideum_GQ37 5089 

Coelastrum microporum_DQ4 1 7572 

I Enallax acutiformis_A\400490 



88/73 



■ Enallax acutiformis_A\237953 



ioo/ioo 



Choda todesmus mucronula tus JQ082 3 1 5 



83/- 



- Pectinodesmus pecf/nafusJQ082321 

GB1 j 

I Pectinodesmus pectinatusFtor JQ240280 

1 1 Pectinodesmus pectinatus JQ240283 
1 GB1d,h 



- Chodatodesmus mucronulatus_]Q240287 



Pectinodesmus pectinatus JQ24028 1 

52 /_ | | Pectinodesmus regi//ar/s_ AY 1 70857 

-| 99/96 I Pectinodesmus regu/ans JQ082323 
97/79 I Pectinodesmus holtmannii_]Q082335 



~l Pectinodesmus holtmanniiJQ082334 
, Pectinodesmus pectinatusJQ240278 
Pectinodesmus pectinatus JQ082327 
I Pectinodesmus pectina t us_JQ082 3 1 4 

- Acutodesmus reg/nae_JQ082326 



P. pectinatus 
sensu stricto 



100/94 




Acutodesmus nygaardii UQ082325 
Acutodesmus bernardii_]Q240282 

Acutodesmus distendusJQ0823 1 3 
Acutodesmus acuminatus_\Q0823 1 2 



78/- 



0.02 substitutions/site 



- Acutodesmus obliquus JQ24027 9 
r Acutodesmus obliquus_\Q0823 1 8 
92/87 i Acutodesmus obliquus var. dactylococcoides_\Q0823 1 6 
I Acutodesmus obliquus var. dactylococcoides JQ240286 
r-GB1g 
Y- GS3g,k 

" GB1e, GS3a,b,d,e,h,i,m,n,p 



Figure 5 Neighbor-joining tree inferred from ITS2 sequence comparisons (length 283 nt). The Coelostrum species were used to root this 
tree. Numbers at each node represent bootstrap probabilities from NJ/ML (GTR + G model) analyses; only values above 50% are shown. 
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submitted to BLASTN, it showed almost 90% similarity 
to the UTEX 138 strain of N. aquatica, AY577764, 
which includes 5.8S-ITS2 rDNA [42]. However, it was 
completely different from the CCAP 254/5 sequence 
(FR865697, including SSU-ITS2 rDNA). Preliminary 
analysis of the ITS2 secondary structure showed that 
both GM4e and N aquatica UTEX 138 have a Y-shaped 
helix I (Figure 3), similar to that of Sphaeropleales [43-45]. 
When the CCAP 254/5 sequence was submitted to 
BLASTN, it showed more than 99% similarities (including 
ITSs) to several strains of Chlorella vulgaris (Trebouxio- 
phyceae). It is possible, therefore, that the CCAP 254/5 
strain had been confused with another strain. 

Light microscopy revealed small to large spherical cells 
(3.2-32 um) with a parietal chloroplast including one 
or more pronounced granules (Figure 4). Some cells 
contained segmentalized aggregations, which could be the 
development stage of zoospores. There is therefore no 
reason to exclude GM4e from Neochloris. AlgaeBase 
(http://www.algaebase.org) lists Neochloris as the taxonom- 
ically accepted genus name for eight species. Therefore, 
GM4e was designated as a species of Neochloris, although 



further comparative research with the other Neochloris 
species is required before this can be confirmed. 

GM4e was particularly intron-rich; it contained six group 
I introns at S40, S156, S516, S1046, SI 139, and S1512 
(Table 1), which elongated its SSU rDNA to 4.3 kb. This 
ties with Selenastrum capricornutum [46] for the most 
intron insertions in the SSU rDNA. In contrast, previously 
described Neochloris species do not have any introns. 
Descriptions of these introns will be published elsewhere. 

The remaining strains identified as Chrolophyceans all 
belonged to Scenedesmaceae, within which they were 
clearly separated into two clades, namely, Coelastroidea- 
Scenedesmoideae and Desmodesmus [47] (Figure 1). 

The Scenedesrnus-related species were recently re- 
analyzed by using molecular phylogenetic techniques and 
electron microscopy e.g. [34,47], which generated several 
new genera and many new species. Strains GBlj, -d, and -h 
were grouped with one of the new genera, Pectinodesmus, 
in the ITS2 analyses (Figure 5). All three strains formed 
four-cell coenobia comprising spindle cells (Figure 6A-C). 
This morphology coincides with that of Pectinodesmus, but 
it is insufficient for clear delineation of species in this 




10 l|ITI 



Figure 6 Light microscope images of algal strains identified as members of Scenedesmus sensu lato. Strains were collected from German inland 
waters and were named according to their source (Table 1). A: GBlj, B: GB1d, C: GB1h, D: GB1g, E: GS3g, F: GS3k, G: GB1e, H: GS3a, I: GS3b, J: GS3d, K: GS3h. 
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genus [34]. Pectinodesmus regularis has been recognized 
as an independent species, but its genetic differences 
from other species are tenuous [34]. Furthermore, many 
genetically distinct strains dispersed throughout this 
clade are tentatively treated as Pectinodesmus pectinatus 
(Figure 5), obfuscating the distinction between species. 
Comparison of the ITS2 structures reveal that GBlj has 
one CBC and two hemi-CBCs (a compensatory base 



change on only one side of a pairing, the next-best "proof 
of a CBC), and that GBld and -h have one CBC when 
compared with P. pectinatus sensu stricto. Identification of 
strains GBlj, -d, and -h at species level must therefore be 
suspended until the phylogeny of the Pectinodesmus 
species becomes clear. 

Thirteen strains (GBle, -g, GS3a, -b, -d, -e, -g, -h, -i, -k, 
-m, -n, and -p) were clustered with known Acutodesmus 




10 l|ITI 

Figure 7 Light microscope images of algal strains identified as Desmodesmus species from a private collection. Strains were collected 
from German inland waters and were named according to their source (Table 1). A: GM4g, B: GM4i, C: GS2o, D: GM4h, E: GS2p, F: GM4k, G: GS2j, 
H: GS2k, I: GS2m, J: GM4a, K: GB1a, L: GM4c, M: GM4j, N: GS2i, O: GS2L, P: GM4n. 
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obliquus strains (Figure 5). These culture strains had 
single- to eight-cell coenobia, and most cells were shorter 
and wider than those of typical A. obliquus strains 
(Figure 6D-K). This morphology could be related to 
the medium in which they were cultured. As CBC of 
these strains has not been found upon comparison 
with A. obliquus strains, they could be identified as 
A. obliquus. 

Fawley et al [16] suggested that a difference of even a 
single nucleotide in the SSU rDNA sequence could dis- 
tinguish between species. However, this does not appear 
to be the case. Some strains with different SSU rDNA 
sequences had identical ITS sequences. For instance, 
there was one transition between the SSU rDNA se- 
quences of GBle and GS3e, but no substitutions in their 
ITS sequences. 



Seventeen strains were included in the Desmodesmus 
genus (Figure 1). Most of these strains had typical 
Desmodesmus forms, i.e., four- or eight-celled coenobia 
with or without spines on the terminal cells (Figure 7). 
Species of this genus have been characterized based on 
cell-shape, spines, and cell-wall appendages. However, 
several species could not be unambiguously distinguished 
even by scanning electron microscopy. As a result, recent 
studies have used molecular comparisons e.g. [48-50]. 

Based on the ITS2 analyses, GM4g was clustered 
with Desmodesmus bicellularis strains (Figure 8). 
However, GM4g comprised single ellipsoids 5.1-15 urn 
long without any spines (Figure 7A), whereas D. bicellu- 
laris formed two- to eight-celled coenobia. Furthermore, 
Johnson et al. [48] observed irregularly shaped D. bicellu- 
laris cells with spine-like appendages (DQ417558). Because 
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Figure 8 Neighbor-joining tree inferred from ITS2 sequence comparisons (length, 276 nt). Desmodesmus serratus, D. lunatus, 
D. costato-granulatus, D. ultrasquamata, and D. elegans were used to root this tree. Numbers at each node represent bootstrap 
probabilities from NJ/ML (SYM + I + G model) analyses; only values above 50% are shown. 
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the GM4g ITS2 sequence was 100% identical to that of D. 
bicellularis strains, GM4g is probably a different morpho- 
logical form of D. bicellularis, 

GM4i formed four- or eight-cell coenobia. Although this 
morphology is not clearly shown in Figure 7B, each cell 
had a few small spines at the longitudinal ends. GM4i 
was clustered with Desmodesmus multivariabilis strains 
(Figure 8); however, it had a CBC at helix lb when 
compared with these strains. Species-level identification is 
therefore not yet possible. 

The strains GS2o, -p, GM4f, -h and -k were clustered 
with Desmodesmus armatus strains (Figure 8). They 
formed four- or eight-cell coenobia with long spines at 
the apices of the terminal cells, but the spines of GM4h 
were less obvious (Figure 7C-F). Based on the ITS2 
phylogeny and the absence of CBC between these five 
and the previously identified D. armatus strains, they 
could be designated as D. armatus strains. 

GS2j, -k, and -m were clustered with Desmodesmus 
opoliensis strains (Figure 8). In this study, the three D. 
opoliensis strains were employed from GenBank. Al- 
though these D. opoliensis ITS2 discrepancies are minor 
(5-7 changes out of 253 aligned sites), there is a CBC at 
helix IV and hemi-CBCs at helices Ic, II, and IV among 
them. Each of the variable sites found in the GS2j, -k, 



and -m strains applies to any of such variation. Their 
morphologies (two- or four-cell coenobia with long spines 
at the apices of terminal cells; Figure 7G-I) match those of 
the previously identified D. opoliensis strains. Therefore, 
they were tentatively identified as D. opoliensis strains. 

GBla and GM4a were placed in a clade comprising as- 
yet unidentified species, which is somewhat independent 
from previously described species of a sister clade to Des- 
modesmus asymmetricus (Figure 8). There was no CBC 
between GBla, GM4a, and the two nameless strains Tow 
10/11 T-2 W and Mary 6/3 T-2d, which were collected 
from Minnesota, USA [16]. They were all clearly separated 
from MAT-2008c by two CBCs and two hemi-CBCs. 
GBla and GM4a formed two-, four- or eight-celled coeno- 
bia, of which each cell had a few spines (Figure 7 J and K). 
Cells were comparatively small (3-6 x 8-13 (im). 

Based on the ITS2 sequences, GM4c and -j were sepa- 
rated from the other Desmodesmus species. Tree analyses 
showed that their closest taxon was Desmodesmus sp. 
AKS-13 (Figure 8), but they were distinguished from 
each other by two hemi-CBCs at helices II and III. 
GM4c and -j cells were nearly spherical (3.5-10.5 (im), but 
some were ellipsoidal (up to 5.5 x 8 (im; Figure 7L and M). 

GS2i, -L, and -n formed two- or four-cell coenobia 
(Figure 7N and O). Each cell had a few short spines, and 



• Makinoella tosaens/s_AF228691 



Oocystis so//'tar;a_AF228686 

Tetrachlorella alternans_Af 228687 

100/100 I 



■ Stichococcus bacillaris_AB055866 

Pseudochlorella pringsheimii_X63520 

I Chloroidium sa ccharophilum_X6 3505 



90/90 



Watanabea reniformis_X7 399 1 

Dictyochloropsis reticulata_Z47207 

I Trebouxia impressa_Z2 1551 

1 Trebouxia arboricola_Z68705 



9 5/97 



Myrmecia astigmatica_Z47 208 

Myrmecia bisecta Z47 209 

I00 / I00 | Choricystis afomus_AB080305 

L Choricystis minor_X890 1 2 

Botryococcus braunii_A)58'\ 9 1 3 




Coccomyxa glaronensis_AM 1 67525 

52/- r- Coccomyxa s/mp/ex_FJ6485 1 4 
P- CA5a 

[00/100 L Coccomyxa pringsheimiLA Y 762603 

\ Paradoxia multiseta^AY 42207 '8 

- Koliella spiculiformis_A? 27 87 44 

'AuxenochloreWa protothecoides' var. ac/c//co/a_AJ439399 

■ Pseudochloris vw/he/m//_X56102 
Picochlorum eukaryotum_X06425 



□.05 substitutions/si 



V56 _ 

83/72 1 Picochlorum afomus_AB080303 

Muriella terrestris_AB0 12845 

87/861- Parachlorella beijerinckii_A\ 323841 
99/97 P- Parachlorella kess/er/_X56105 

100/100 I I Closteriopsis acicularis_Y 1 7470 

I— Dicloster acuafus_AB037085 
Micractinium reisseri_AB506070 
Micractinium pus///um_AF364 1 0 1 

- GB1k 

- Actinastrum hantzschiLAV- 288365 Chlorella 

- Chlorella far/ab///s_AB260893 c\ade 
r- Chlorella sorokiniana_X6244'\ 

^j- Chlorella vulgaris_X\ 3688 
50/H Chlorella lobophora_X63504 



Chlorellaceae 



Figure 9 Phylogenetic tree for Trebouxiophyceae inferred based on SSU rDNA gene sequences (length 1624 nt). Algal strains analyzed in 
this study were indicated by alphanumeric codes in bold. This tree was rooted with Makinoella, Oocystis, and Tetrachlorella and was constructed 
by using the maximum likelihood (ML) method under the TN93 + I + G evolutionary model. Numbers at each node represent bootstrap 
probabilities from ML/NJ analyses; only values above 50% are shown. 



Hoshina BMC Research Notes 2014, 7:592 
http://www.biomedcentral.eom/1756-0500/7/592 



Page 11 of 15 




10 i|im 

Figure 10 Light microscopy image of the GA5a algal strain 
from a private collection. This strain was collected from German 
inland waters and was named according to its source (Table 1). 



some cells had granulated protoplasm. They were clustered 
with Desmodesmus brasiliensis CCAP 258/39 (Figure 8), 
with which there was no variation except for an N residue 
in the CCAP 258/39 sequence. CCAP has released five 
sequences (all including ITS2) for D. brasiliensis cultures. 
The ITS2 sequences of GS2i, -L, and -n closely matched 
the CCAP 258/39 sequence, but did not match the other 
four strains as closely (CCAP 258/40, 258/42, 258/43, and 
258/44; these sequences were not used in this study). D. 
brasiliensis therefore contains several genetically distinct 
species. Because the authentic strain of D. brasiliensis 
has not yet been determined, I tentatively designate these 
three as strains of D. brasiliensis, 

GM4n formed two- or four-cell coenobia or occurred as 
single cells (Figure 7P). Each cell had some spines, which 
projected in various directions. The ITS2 sequence for this 
strain was completely consistent with those of the D. 



pannonicus strains (Figure 8), so I designate GM4n as a 
strain of this species. 

Trebouxiophyceans 

Of the 43 strains of green algae that were analyzed in 
this study, only two were from Trebouxiophyceae. 

Strain GA5a was clustered with Coccomyxa and Para- 
doxia species (Figure 9). These genera have been treated 
incertae sedis within the Trebouxiophyceae [51], and have 
not yet been revisited in detail by using molecular phylo- 
genetic techniques. GA5a cells were simple ellipsoids, 
7.0-11 |im long and 4.2-8.0 \im wide (Figure 10). They 
contained a girdle-shaped chloroplast without a visible py- 
renoid. This morphology matches that of Coccomyxa or 
of the species classified hitherto as Pseudo coccomyxa 
(shown as Coccomyxa simplex in Figures 9 and 11). 
BLASTN search for the GA5a ITS2 sequence found 
matches with several sequences. The GA5a sequence was 
identical to that of Choricystis sp. GSE4G (HE586518) 
(Figure 11). This was the case for both the ITS2 and the 
SSU-ITS rDNA. HE586518 was identified not as Cocco- 
myxa or Paradoxia but as Choricystis, The morphology 
of Paradoxia was completely dissimilar to that of GA5a. 
In contrast, Coccomyxa and Choricystis have somewhat 
similar ellipsoidal single cells. However, Choricystis is a 
phylogenetically distinct genus, separate from Coccomyxa 
(Figure 9). Unfortunately, the authors who registered 
HE586518 have not yet published any information about 
this strain. For this reason, although GA5a is probably the 
same species as Choricystis sp. GSE4G, it may have to be 
designated as Coccomyxa sp. until publication of its 
further details. 

Strain GBlk was included in the so-called u Chlorella 
clade" in Chlorellaceae (Figure 9). Members of this clade 
have been well studied, and recent studies have laid 
out guidelines for its genera and species delimitations 
[7,36,52-57]. GBlk was grouped with Micractinium in 
the SSU-ITS rDNA tree (Figure 12). This clade was 
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Figure 11 Neighbor-joining tree inferred from ITS2 (helices I - III) sequence comparisons (length 194 nt). Numbers at each node 
represent bootstrap probabilities from NJ/ML (GTR + I + G model) analyses; only values above 50% are shown. 
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Figure 12 Maximum likelihood tree constructed from SSU-ITS rDNA sequences (length 2487 nt). Hegewaldia parvula was used to root this 
tree, which was constructed by using the GTR + I + G evolutionary model. Numbers at each node represent bootstrap probabilities from ML/NJ 
analyses; only values above 50% are shown. 



independent of other clades, and had a long node and 
overall higher bootstraps. GBlk comprised spherical cells 
(4.5-8.5 fim) with a cup-shaped chloroplast containing a 
pyrenoid. Single cells were rare, and most cells formed 
coenobia (Figure 13). Micractinium is essentially a colonial 
species with several spines. However, recent studies have 
suggested that such morphological characteristics are 
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Figure 13 Light microscopy image of the GBlk algal strain 

from a private collection. This strain was collected from German 

inland waters and was named according to its source (Table 1). 
\ J 



unsuitable for defining genera within Chlorellaceae 
e.g. [52,56]. In this regard, Luo et al. [56] instead examined 
the non-homoplasious synapomorphic molecular signature 
of the SSU rDNA or ITS2 sequence for the genus as well 
as its phylogenetic relationship. The only intelligible 
signature of Micractinium is C-G pairing at the tip of 
ITS2 helix III, which was found in GBlk (Figure 14). 
In ITS2 sequence comparisons, differences between 
GBlk and any other Micractinium species reached at least 
25% (with gaps counted as fifth character). Although these 
large differences affect lengths or structures of helices and 
prevent accurate counting of CBC, there were at least two 
CBCs between GBlk and any other Micractinium species. 
Because the genus Micractinium is characterized by a co- 
lonial species with several spines, only two Micractinium 
species are described as having spherical cells {Micracti- 
nium reisseri and Micractinium inermum). GBlk is there- 
fore probably a nondescript species of Micractinium. 

Conclusions 

Many microbiology laboratories have vast microbial stocks 
isolated from natural environments. Some may have been 
collected as part of a search for new enzymes, antibiotics, 
or other applications. However, these stocks are often 
carelessly treated after the study has been completed, and 
are generally lost thereafter. My laboratory similarly owns 
large green algal stocks collected from natural water 
sources in various places. However, the number of 
culture stocks has been decreasing over time. There are 
numerous probable causes for this, including changes 
in the culture medium or other culture conditions, un- 
expected desiccation, and changes in culture manage- 
ment. If these stocks are likely to contain some 
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Figure 14 Predicted ITS2 secondary structure diagram for GBIk. The synapomorphic signature of genus Microctinium [56] is highlighted. The 
signature (+UU) at the terminal loop of helix I indicates the polymorphism (indels) in the GB1 k genome. 



interesting species, then it may be better to donate the 
strains to culture collection institutions, rather than to 
keep them for no reason. The present study focused on 
a private collection isolated from German inland wa- 
ters, and examined their distinctiveness as a prelimin- 
ary step toward donating the strains to a public 
collection. The method of establishing strains was very 
simple (q.v. Methods). This method may have selected 
only the species with the ability to grow faster and resist- 
ance to minor desiccation. Species that grow slowly or are 



unable to colonize an agar plate would be excluded 
from the selection. In addition, culture stocks have 
gone through a change in culture media, and some 
morphologically characteristic strains have already died 
out. That is, the culture stocks considered here are 
likely to be common and very vigorous species. Never- 
theless, 12 strains out of 43 did not match any known 
species of which rDNA sequences have been deter- 
mined (Table 1). One strain was nondescript even at 
the genus level. This fact suggests that the true diversity 
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of freshwater green algae is still a long way from being 
fully described, and that even small laboratory stocks can 
contribute to our understanding of the diversity of micro- 
organisms. I sincerely hope that this study prompts all 
researchers around the world to examine private microbial 
stocks and to publish their results. 

There is intense debate about the diversity and distribu- 
tion of eukaryotic microorganisms. One argument sug- 
gests that there is a limited number of species and that 
most of them are global in distribution e.g. [58]. The op- 
posite argument states that large numbers of species exist 
although many species have possibly adapted locally; 
however, their simple morphology prevents discrimination 
between species e.g. [16,59]. Now that microbes can be 
identified to species level by using DNA comparisons, as 
shown for some strains in this study, it is becoming appar- 
ent that a large number of freshwater green algal species 
exists in the world. Some strains in this study matched 
"brasiliensis" species {Tetranephris, Desmodesmus), and 
one (GBla) matched a Fawleys strain collected from the 
USA. There are therefore still many inconsistencies in 
patterns of species localization or ubiquity. 
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